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SUMMARY 

Total -pressure recoveries were obtained with four cone-inlet 
combination’’ at Mach number I.85. The configurations investigated 
were as fol"'ows: a cone designed to produce three oblique shocks 
ahead of the diffuser inlet in combination with a straight and a 
curved inlet section; a cone generated by a parabolic arc, also 
in combination with a curved and a straight inlet section: a cone- 
inlet combination designed by the method of characteristics to 
produce an isentroplc entrance flow at an angle of attack of 0°; 
and a 30° single -shock cone in combination with a perforated inlet 
section. The effect of angle of attack was also investigated for 
the isentropic configuration. 

Each of these conf Igiurations yielded total -pressure recoveries 
greater than those reported in references 1 and 2, A maximum total- 
pressure recovery of 0,96? was attained with the isentropic con- 
figuration. For the triple-shock, parabolic -arc, and perforated- 
inlet configurations, the maximum recoveries were 0.95^, 0.950^ 
and 0.95^i respectively. At an angle of attack of the maximum 
total -pressure recovery obtained with the isentropic configuration was 
reduced to 0.922. 


INTRODUCTION 

An investigation of shock diffusers at a Mach number of I.85 
has been conducted in the Cleveland 18- by l8-inch supersonic 
tunnel. Results obtained with a shock diffuser having e. single 
oblique shock ahead of the diffuser inlet are presented in reference 1. 
In reference 2 the results obtained with cones designed to produce 
two oblique shocks ahead of the inlet are reported. With the 
single-shock cones, a maximum total -pres sure recovery of 0.922 
was obtained, whereas with the double -shock cones the maximum 
recovery was 0.9^5* 
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Because the deceleration of the supersonic airstream to sonic 
velocity can he accoxoplishod moro efficiently with a large nuiLoer 
of weak shocks than with one or two relatively intense ones, oven 
higher total-pressure recoveries than those reported in references 1 
and 2 can theoretically he ohtainod by increasing the number of 
breaks in the pro,1ecting-cone contoui’ and reducing the flow deflec- 
tion produced by each break. The ideal configuration is attained 
when the decelerate on is produced so gradually that no shocks are 
formed in the air entering the diffuser. The ideal contour of the 
projecting cone is therefore a smoothly curved surface that pro- 
duces an infinite number of Infinitesimal compression waves. From 
supersonic -flow theory, however, it is kno"^*7n that such a series of 
infinitesimal compression waves tends to converge and form an 
envelope shock through which the entire compression takes place 
(reference 3). Hence the contour req_uirGd for isentropic compres- 
sion is not arbitrary, but must be so designed that the compression 
waves converge outside the entering stream tube. A contour having 
this property may be designed by the method of characteristics 
(roference 4). Such a contour should decelerate the supersonic 
stream with no total-pressure loss if frictionless flow is assumed. 

The problem of decelerating a supersonic stream to sonic 
velocity with negligible total-pressure less thus offers no theo- 
retical difficulties when the flow is decelerated ahead of the 
inlet. The external deceleration, however, may bo accompanied by 
increased pressures over the external suri‘aces of the diffuser 
relative to the pressures that would result if the deceleration 
were accomplished internally (as, for example, with, a converge.nt- 
channel diffuser) . Hence a higher drag may be expected for shock 
diffusers employing external compression relative to that obtained 
with convergent -channel diffusers. This additional drag must at 
least partly cancel tho higher thrusts possible with the higher 
total-pressure recoveries. 

The total-pressure recovery hitherto obtainable with a 
convergent -channel diffuser has boon limited by the start l.ng reejuire- 
ment that the co.ntraction ratio may not exceed the value required 
to accelerate the subsonic velocity behind a normal shock at free- 
stream Mach number to sonic velocity at the throat (reference 5) . 

A greater contractio.n ratio would result In choki.ng at tho throat 
and would prevent the .normal shock from entering the i.nlet co.nsG- 
quontly, the superso.nic stream could be brought to subsonic veloci- 
ties only by passing through a relatively intense normal shock. 

This limit to the contraction ratio allowable with a 
convergent -channel diffuser may be eliminated by a method proposed 
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in reference 6. The method consists of allowing some of the air 
mass to bleed through perforations drilled in the convergent channel, 
whereas normally the excess oir would have to spill around the entrance 
lipo. Choking at the throat is thereby avoided. By this method, 
the normal shock could be brought to the throat of the diffuser 
and stabilized there, even when the inlet contraction ratio was 
large enough to reduce the free- stream flow to sonic velocity 
(reference 6) . Hence the total-pressure recoveries obtajnable with 
a convergent -channel diffuser are now theoretically as great as 
those obtainable with external compression. Accompanying the higher 
total-pressui‘8 recovery possible with the convergent perforated 
inlet is an additional drag due to the mass-flow loss through the 
perforations c During operation this mass-flow loss is much smaller 
than during the starting process because the pressure difference 
across the holes after the normal shock has passed them is much, 
less than when the flov^ is subsonic. 

The mass-flow loss thi'ough the holes can be reduced by using 
the perforated inlet with a shock diffuser, Eeference 6 shows 
that the excess mass flow which must be bled through the perfo- 
rations during the starting process decreases, as the inlet Mach 
number decreases. The presence of a projecting central body 
therefore offers a means of minimizing the number of perforations 
required and consequently the mass-flow loss during operation. 

The compression waves from the projecting body may be intercepted 
by the inlet zo avoid high external pressures and the inlet Mach 
number may be reduced to unity by internal contraction. The use 
of a perforated inlet with a properly designed shock diffuser 
may thus provide a means of attaining supersonic diffusion with 
negligible total-pressure loss together with a minimum external 
drag and mass -flow loss. 

These improved types of supersonic inlet were investigated 
with the following four ccnf igurations : A, a cone designed to 

produce three oblique shocks ahead of the diffuser inlet; B, a 
cone generated by a parabolic arc; C, a cone-inlet combination 
designed by the method of characteristics; and D, a 30^ single- 
shock cone in combination with a perforated inlet section. For 
each of these configurations, the variation of total-pressure 
recovery with outlet area was determined. The variation of total- 
pressure recovery with tip projection was determined for config- 
urations A, B, and C. Configuration D was investigated only 
at the tip projection for which the oblique shock just entered the 
diffuser inlet. For configuration C, the effect of angle of 
attack was also investigated . 
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SYMBOLS 

The following symbols are used in this report: 

Aq free -stream area of flow that enters diffuser 

A2 minimum flow area of diffuser 

Ai^, outlet area of simiaated combustion chamber 

A inlet area of diffuser with central body in place 
o 

Ai inlet area of diffuser with central body removed 
Pq free -stream total pressure 

Pj^^ total pressure in simulated combustion chamber 
L tip projection, inches 
X axial coordinate 
Y radial coordf nate 


DESCRIPTION OF EXPERIMENTAL APPARATUS 

The investigation was conducted in the Cleveland l8- by l8-inch 
supersonic tunnel operating at Mach number I.85. The tumel was 
calibrated by measurements of the angles of obligue from 

cones and of the total pressures behind normal shocks. The absolute 
values of total pressure and Mach number in the test section ^ 

determined by these measurements arc accurate wrthin eibout 2 percent 
The relative measured total -pressure recoveries reported, however, 
are accurate within about 0.5 percent. 


Sketches of the four configurations investigated are shown 
in figure 1. Configuration A is a triple -shock cone with^included 
angles of 30° at the tip, 50° after the first break, and 60 
after the second break. Approximate calculations based on the 
flow near the cone surface indicated that this combination o 
included angles would yield an optimum total -pressure recovery. 

For configuration B, a parabolic arc was passed between the tip 
half -angle (10^) and the maximum half -angle v30 ) . The length 
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of the contour was arblti'arily set equal to that of the triple -shock 
cone. The inlet sections used with configurations A and B were 
those used in references 1 and 2. 

Configuration C was designed "by the method of characteristics 
to decelerate the flow to sonic velocity with no total -pres sure 
loss. An expanded plot of the contour coordinates, together with 
the location of a few of the characteristics, is shown in figure 2. 
At the tip of the cone, the contour angle was arbitrarily set at 6°. 
The total -pi’essure ratio across the oblique shock produced by this 
cone angle is very near 1.00. A region beyond the assumed location 
of the diffuser inlet was chosen for the convergence of the com- 
pression waves. The chenac tori sties from this region were then 
computed towai'd the X-axis, Streamlines were drawn from the cone 
tip to point a and from d to e. The Mach number at points 
a and e wore found to be 1.15 and 1.29, respectively. Point e 
was chosen for the location of the entrance lip and the process of 
turning the flow parallel to the axis was started at this point. 

The only requirement for the contour e to f was that the com- 
pressions starting at this contour should not intersect before reach 
ing the central body. The cone contour was extended linearly from 
a to b, where it intersected the first chara,cteristic arriving 
from e. The curve b-c was then drawn in to cancel the com- 
pression waves arriving from e-f . The total -flow contraction 
ratio Aq/A 2 is very close to the isentropic contraction ratio 
for a free-stream Mach number Mq of 1^85. The ratio of the inlet 
area (e-b, fig. 2) to the minimiam area As is 1.025, which is close 
to the isentropic contraction ratio from a Mach number of 1.15 to 
unity. From one -dimensional-flow relations, this contraction ratio 
is small enough to allow a normal shock occurring at Mach numbers 
greater than 1.19 to enter the diffuser. The average inlet Mach 
number according to the calculations is 1.22 

Configuration D (fig. l) was used to test the principle of 
the perforated inlet (reference 6) with a shock diffuser. The 
30° single-shock cone investigated in reference 1 was used in 
combination with a straight inlet section into which holes were 
drilled. The number of holes required was experimentally determined 

The diffuser body and simulated combustion chamber were those 
used in references 1 and 2 (fig. 3) • The outlet area of the dif- 
fuser was again varied by means of the conical damper located at 
the outlet of the simulated combustion chamber and total and 
static pressures at the simulated combustion chamber wore measured 
with a pitot-static rake located as shown in figure 3(a). Tne 
cone support and the inlets used with configurations A, B, and D 
are shown in figures 3(h) to 3(e). For configuration D, the 
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straight inlet of figure 3(c) was perforated with a number of hoies 
sufficient to allow the normal and oblique shucks to enter tjie dif- 
fuser inlet. By trial ib was found that the shocks entered the dif- 
fuser inlet when 50 holes of O.lol-inch diaitieter and 15 holes of 
3 / 32 -inch diameter ).iad beexi drilled ahead of the throat section. 

The ratio of hole area to throat area was then 0.45. 

For configuration C, a new cone support was constructed that 
was similar to the one shown in figure 3(b} except that the maximiaa 
diameter was I.U 55 iiiches instead of I.290 inches. 


RESULTS Arm DISCUSSION 

Typical inlet-flow p attern s . - Schlieren photographs of the 
inlet’ flow with each of the four configurations are shown In figure 4. 
Figures 4(a) and 4(b) show the flow patterns obtainod for con- 
figuration A with the straight and the curvod inlets, respectively, 
for the tip projection and outlet area for which maximm total-pressure 
recovery was obtained. As with the double-shock cones preference 2), 
two oblique shocks arise near the first break in the cone contour, 
one slightly ahead of the br^ak and oiio slightly beyond it. This 
effect is attributed to a bridging of the break by the boundary layer. 
At the second break in the cone contour, a fourth oblique shock arises. 
With the straight inlet (fig. 4(a)), this shock merges Indis- 
tinguishably with the bow wave that stands ahead of the diffuser 
inlet. With the curved inlet (fig. 4(b)), the bow wave is somewhat 
closer to the inlet and a portion of the fourth oblique shock was 
distinguishable in the original negative. 

The flow over the parabolic-arc cone (configuration B, fig. l) 
is shown in figures 4(c) and 4(d) for the conditions giving the 
maximum total -pres sure recovery with the straight and curved Inlets, 
respectively. Trie compression waves from the cone surface can be 
seen to converge ahead of the inlet, The resulting envelope shock 
is of appreciable intensity and, as might be expected, the maximum 
total -pressure recoveries are slightly below those obtained with 
configuration A, where each of the shocks is very weak. The 
VGP'tico.l liiiGs from "tlio \)Ow welvg "to 'th© con.o surf6.c6 eutg projoc oiis 
of the bow wave, whereas the wave itself curves toward the interior 
of the diffuser. 

The flow over the isentropic cone (configuration €) for two 
outlet areas at an angle of attack of 0° and for the optimum outlet 
area at an angle of attack of 5° is shown in figures 4(e), 4(f), 
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and 4(g). A nijmbor of voak compression waves may be seen that tend 
to converge beyond the inlet, although not so far beyond the inlot 
as the calculations (fig. 2) assumed. The oxlstonco of visible 
compression waves and their tendency to converge somewhat nearer 
the cone surface than predicted may bo attributed to boundary- 
layer effects or small machining flaws. In figure 4(g), Wi.ich shows the 
configuration at an angle of attack of 5°, the compression ripples 
from the lower surface are seen to converge into a discernible 
envelope shock. The bow wave stands ahead of the inlet in each 
of these throe photographs. 

An effort -v/as made to bring the normal shock into the diffuser 
in this configuration by perforating the inlet, but the total-pressure 
recovery dropped as the number of perforations was increased while 
the normal shock remained ahead of the inlet. This result indicates 
that for reasons of stability, the reduction of a supersonic stream 
to subsonic velocity may be impossible without the occurrence of 
at least a very weak shock discontinuity. Because the normal shock 
remained ahead of the inlet, the curvatiu’e of the inlet (fig. 2) 
was not cricical in this case and served only to force a smooth 
deflection of the subsonic entrance flow. For the condition giving 
the best recovery (fig. 4(f)), the normal shock originates approxi- 
mately at point a of figure 2. 

The flow pattern for the 30° single-shock cone with perforated 
inlet is shown in figure 4(h). Because the external-flow pattern 
remained the same as the outlet area was varied, schlieren photo- 
graphs were taken only for the conditions indicated in the figure. 

The oblique shock, as well as the normal shock, passes inside the 
inlet, and the flow, which in the preceding photographs spilled 
around the entrance lip, is here entering the diffuser. The mass 
flow through the perforations produces the series of weak oblique 
shock waves originating on the outer surface of the inlet section. 

(Only a few of the perforations are visible in the schlieren photo- 
graph, fig. 4(h).) The maximum total -pressure recovery obtained with 
this configuration was as great as that obtained with configuration A 
(the triple-shock cone). 

Variation of total-pressure recovery with outlet area. - The 
theoretical variation of total-pressure recovery with outlet area 
is discussed in references 1 and 2. For configurations A and B 
(figs. 5(a) to 5(d)), the variation of total -pressure recovery with 
outlet-inlet area ratio is presented for three tip projections for 
each of the two inlets used. The term "supercritical" in these 
figures refers to the values of A^ for which the mass flow remains 
constant as A4 is varied. The term "subcritical" refers to the 
values of A^ for which variations in A4 affect the mass flow 
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through the diffuser. The tip ijro jectlons for which data are presented 
are optimum, l/l6 inch less than optimum, and l/l6 inch greater than 
optimum. Sim?'.lar data arc plotted in figure 5(e) for configuration C. 
The peaks of the curves foi‘ this corif iguration are broader than those 
obtained with the other three cones. For configuration D, data were 
obtained for only the tip proi^ection at which the oblique -shock from 
the tip passed inside the inlet (fig. 5(f)). The results obtained for 
this configuration with the oblique shock outside and with an unperfo- 
ratod inlet are presented in reference 1. 

A comparison of the maxiravim total-pressiure recoveries obtained 
mth configu'rations A, B, end C for various tip projections is 
presented in figui’c 6. The maximum total-pressure recovery obtained 
with configuration A was 0.S54 with the curved inlet and 0.945 with 
the straight inlet. The maximum theoretical total-pressure recovery for 
this configuration'^ based on the shock angles at the cone suriace, 
is about 0.985, or about 3 percent higher than the experimental value 
obtained with the curved inlet. In reference 2 the maximum oxperi 
mental recovery (c.945) was also found, to be about 3 percent below 
the theoretical value. 

The optimum experimental tip projection for the triple -shock 
cone (fig. 6(a)) was that for which the four oblique shocks passed 
just outside the entrance lip. For the straight inlet, no internal 
co.ntraction existed at optimum tip projection = 1.00), 

whereas for the curved inlet a.n internal expansion existed 
(Ae/Ap = 0.753). Because the entrance flow was subsonic (figs. 4(a) 
and 4(t>)), the curved inlet, which Tjroducos a smoother entrance fl-ew, 
yielded a higher total-pressure recovery than the straight inlet. 

These results also agree with those obtained with double- shock cones 
(reference 2). 

For the parabolic-arc cone (fig. G(b)), approximately equal 
maximum recoveries were obtained with the straight and curved inlots 
(0.950 and 0.948, respectively). These values are intermediate 
between the maximums attained with double-shock and triple-shock cones. 

The cone designed to produce an isentropic entrance flow (config- 
uration C, fig. 6(c)) yielded the highest total-pressure recovery 
attained during the investigation. This value of 0.967, as with the 
double-shock and triple-shock cones, is about 3 percent less than the 
maximum theoretical value of 1.00. It is therefore reasonable to 
assume that about 3 percent of the total -pressure loss was due to the 
subsonic portion of the diffuser and that configuration C was in fact 
operating with almost no total-pressure loss at an angle of attack 
of 0°. At an angle of attack of 5°, the maximum recovery dropped to 
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0,922 (fig. 7). With the single-shock and the double-shock cones, 
the maximum recoveries at angle of attack of 5'^ were 0.908 and 0.899, 
respectively (references 1 and 2). 

Configuration D (30° cone with perforated inlet, fig. 5(d)) 
produced a maximum recovery of 0,954, which is equal to the maximum 
obtained with the triple-shock cone. Without the perforations, the 
maximum recovery attained with this configuration was 0.879 (refer- 
ence 1) . Hence a gain of over 8 percent in maximum total-pressure 
recovery was obtained by the use of perforations to increase the 
maximum allowable internal contraction ratio. The total contraction 
ratio A^/Ag for this configuration was 1.52, which is slightly 
greater than the contraction required to decelerate the free stream 
to sonic velocity. 

For the configurations reported, the distribution of static 
and total pressures across the diffuser outlet was similar to the 
distributions obtained with single-shock and double-shock cones. 

Plots of this distribution are therefore omitted. 


SUMMARY OF RESULTS 

An investigation of four shock-diffuser inlet configurations 
to determine the total-pressure ratios obtainable at a Mach number 
of 1.85 gave the following results: 

1. A cone designed to produce tliree oblique shocks ahead of 
the inlet yielded a maximum total-pressure recovery of 0.954 when 
used in combination with a curved inlet section. Four oblique 
shocks were found to arise from the cone surface, two of them near 
the first break in the cone contour. 

2. A cone generated by a parabolic arc, with a tip half -angle 
of 10°, yielded a total-pressure recovery of 0.950. The compression 
waves from the parabolic contour converged to an envelope shock 
ahead of the diffuser inlet. 

3. A cone-inlet combination designed by the method of charac- 
teristics to decelerate the flow to sonic velocity with no total- 
pressure loss gave a maximum total-pressure recovery of 0.967 at 
0° angle of attack. Nearly all the total-pressure loss may be 
attributed to the subsonic portion of the diffuser. At an angle of 
attack of 5°, the maximum recovery was reduced to 0.922. The flow 
over the cone surface was similar to the computed flow field except 
that the convergence of the compression waves took place slightly 
closer to the cone surface than calculations indicated and several 
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compression waves were visible in the flow field. Both of these 
effects may be attributed to boundary- layer build-up or small 
machining flaws. 

4. A 30° single-shock cone in combination with an inlet that 
was perforated to allow entry of the normal and oblique shocks 
yielded a maximum total-pressure recovery of 0.954. 


Flight Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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Figure 1.- Sketches of configurations investigated showing 
relative locations of cones and Inlets at minimum tin 
projection- ^ 



Figure 2,- Cone-Inlet combination designed by method of characteristics to yield an Isentroplc entrance 

flow for Mq = 1.05, (Arbitrary coordinate unitsj 
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Schematic drawing 


Section A -A 

of diffuser and simulated combustion chamber showing 
i nstrumentat i on. 

Figure 3. - Experimental model. 
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Figure 3.- Concluded. Experimental model 
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Fig. 4a, b,c,d 



( a) Conf i gu rat i on A; straight 
inlet; L, I . 69 i nches ; 
A^/A., 0.526; P^/Pq, 

0.945; angle of attack, 

0 ^. 



(b) Conf i gu rat i on A; curved 
inlet; L, I . 50 inches; 
A^/Aj, 0.665; P4/P^, 
0.954; angle of attack, 
0 ^. 



(c) Configuration B; straight 
inlet; L, 1- 875 inches; 
A^/Aj, 0.520; P 4 /P 0 ' 
0.950; angle of attack, 

0°. 


Id) Configuration B; curved 
inlet; L, 1.69 inches; 
A 4 /Aj, 0.562; P 4 /P 0 . 
0.948; angle of attack, 
0 ®- 


Figure 4 , 


Schl ieren photographs of 


typical flow patterns. 
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Fig, 4e,f,g,h 





(e) Configuration C; isen- 
tropic inlet; L, 1.97 
i nches; A^/ A j , I . 137; 

P^/Pq, 0. 329; ang le of 
attack, 0^. 





If) Configuration C; isen- 

tropic inlet; L, ».97 

inches; A /A., 0.331; 

4 I 

P^/Pq/ 0.964; angle of 
attack, 0 ^. 



(g) Configuration C; isen- 
t rop i c inlet; L, I. 97 
inches; A^/Aj, 0.687; 

P 4 /P 0 , 0.918; angle of 
attack, 3^. 


(h) Configuration D; perfor- 
ated straight inlet; L, 
1.49 inches; A^/Aj, 

1.073; P 4 /PQ, 0.663; 
angle of attack, 0 °. 


Figure 4 . 


Cone I ud ed , 


Schlieren photographs of typical 
flow patterns. 


Total-pressure recovery, P^/Pq 
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Fig. 5a, b 



(a) Configuration A, triple-shock cone, (b) Configuration A, trlple*shock cone, 

curved Inlet. straight Inlet. 

Figure 5.- Variation of total-pressure recovery with outlet-lnlet area ratio at angle of 

attack of O^, 
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(c) Configuration B, parabolic-arc cone, (d) Configuration B, parabolic-arc cone, 

curved lnlet» straight Inlet. 

Figure 5.- Continued, Variation of total-pressure recovery with outlet-inlet area ratio 

at angle of attack of 0®, 


Total-presBur«* recovery, P./P 
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Fig. 5e , f 



perforated stral^t Inlet* 

Figure 5.- Concluded. /ariatlon of total -pres sure recovery with outlet-inlet area ratio at 

angle of attack of 0®, 
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Figure 7,- Effect of angle of attack on pressure recovery 
obtained with Isentroplc cone at L = 1,97 Inches. 
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